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Abstract
In this work, the DC measurements and AC measurements (impedance spectra) have been used to characteristic
the Si-module solar cell 6×6 (36 cells), 3.8 V and 85 mA. From the I-V characteristics under dark conditions for 
different temperatures (300 - 350 K ) and by using the ARREHENIUS diagrams defined by Ln(I)=f(1/T) v=const, we 
have obtained the barrier height (eV), ideal factor A, and the reverse saturation current Io
eV, 2.83 and 0.831
The AC measurement impedance has been employed to measure the parameters of the Si- module 
solar cell such as: heterogeneity , DC resistance Rdc, the bulk resistance Rb, activation energy E (eV), donor 
density Nd (cm-3), and density states Ns (cm-2). The solar cell module was exposed to thermal stress within the range
(300 - 350 K ), the diagram of complex impedance in the dark, was obtained. This plot gives arcs of a semicircle, their
centers lie ,
which is in good agreement with the Cole-Cole diagram. It is noted that, , increases with temperature. The 
intersection of the circle arcs from the right with x axis (i.e. at very low frequency) gives Rdc the 
intersection from the left gives Rb, of the sample (2.7
By using ARREHENIUS diagrams defined by Ln(f)=f(1/T), we have obtained the parameters E (eV), Nd (cm-3), 
and Ns (cm-2), which equal to 0.354 eV, 1.38×1013 cm-3 and 6.93×109 cm-2 respectively.
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1. Introduction
Photovoltaic modules are operated as DC devices. But they exhibit complex impedance due to the 
solar cell design. Subsequent electronic circuits for electric power conditioning are designed to match the 
input at standard operating conditions. During operation the real part as well as the imaginary part of the 
impedance of photovoltaic modules changes due to ambient conditions such as illumination level and 
temperature [1].
Generally, the operating voltage of an array is fixed and, as the temperature of the array changes the 
operating point I-V shifts [2]. If a partial shadow is cast on the panel, the shadowed cells are reverse biased 
by the illuminated cells. A mismatch due to changes of the complex impedance can lead to a reduced 
performance of the whole power generating system. Hence, for designing such efficient high power 
photovoltaic systems a detailed study on AC parameters of solar cells is important. In terrestrial 
applications, the solar cell is exposed to temperatures varying from 10 C to 50 C [1].
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Dark I-V measurements have been used to evaluate the electrical performance of photovoltaic cells and 
diodes for many years. Since 1960s, both light I-V and dark I-V measurements have been commonly used 
to analyse the effects on cell performance of series resistance and other parameters. The dark I-V
measurement procedure does not provide information regarding short-circuit current, but is more sensitive 
than light I-V measurements in determining other parameters like series resistance, shunt resistance, 
ideality factor, and saturation current that dictate the electrical performance of a photovoltaic device.
In this regard, understanding the changes that take place in the dark I-V characteristics of the solar 
cells as a function of temperature is essential. In the present work, Si module solar cell properties were 
studied by dark I-V measurements in the temperature range 300 - 350 K with an intention to understand 
the different aspects of dark current [3].
The AC parameters of a solar cell can be measured either by a frequency domain technique or a time 
domain (transition) technique [4]. In the frequency domain technique, a small signal is applied around the 
operating point and the AC parameters are measured [5]. These are steady state values. In the time domain 
technique, the cell voltage varies from short circuit to open circuit or vice versa. Hence, the measured 
values of solar cell AC parameters are integral values from short circuit to open circuit or vice versa 
depending on the test conditions [6]. Time domain or single frequency techniques have certain limitations 
and disadvantages for making measurements on solar cells. Measured the AC parameters of a Si solar cell 
in terms of complex impedance. However the study was limited to approximating an estimate only of cell 
capacitance. Hence, an experimental setup has been developed to measure the AC parameters of solar cells 
using an impedance spectroscopy technique [7].
2. Principle of Impedance Spectroscopy
Impedance spectroscopy is particularly characterized by the measurement and analysis of some or all 
impedance related functions. In impedance spectroscopy, the complex impedance Z( )=R( ) + jX( ) of a 
device is measured directly in a large range of frequency [4]
r . A purely sinusoidal voltage with different frequencies is applied to the 
device under test and the phase shift and amplitude of the voltage and current are measured. The ratio 
between the applied voltage and resultant current is calculated and this is the impedance of the device under
test [8].
The plotting of the real and imaginary parts of impedance R( ), X( ) on a complex plane in 
function of frequency gives the impedance spectrum of the device. From this diagram, the 
equivalent circuit parameters are calculated. In the case, the representation of (
called the Cole-Cole diagram [9-11]. which gives arcs centered below the real axis R( )Thus, there is a 
the center of the circle containing the arc [9], that means, the relaxation time constant is dispersed.
3. Experimental Procedures
A commercial photovoltaic modules 6x6 (36 cells) 3.8 V and 85 mA were collected from the local 
consumer market. These modules are often used in the industry for devices of small power such as lamps, 
mobile phones and small calculators. In this manipulation, the PV modules were placed in dark in order to 
study their behavior without illumination.
For DC measurements, the measuring system of current-voltage I-V characteristics consists of a 
voltage generator (MEGOHMETER, M1500P), electrical dryer (SEAWR-DRY-HEATRS100), Si-module
solar cell 6×6, with 3.8 V and 85 mA. In the dark I-V measurements of the cell operated in DC mode were 
taken in the temperature range between 300 K and 350 K .
The AC parameters of silicon solar cell under dark condition by biasing the cell at the voltages 1 were 
measured at different temperatures (300, 325 and 350 K ), using the impedance spectroscopy technique
which consists of a GAIN PHASE ANALYZER (Schlumberger-SI1253) which produces a frequency range 
varying from 1 mHz to 20 KHz and Vdc up 10 Volts, Vac varies  between 0 to 12 Volts, electrical furnace,
its temperature varies between room temperature and 1500 t programmable with 8 steps, personal 
computer and the Si-module solar cell 6×6 (36 cells) with 3.8 V and 85 mA. We use an AC signal with
amplitude equals to 1 V with the frequency ranging from 1 Hz to 20 KHz.
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4. Results and discussion
4.1 DC measurements
I-V characteristics of a Si module solar cell under the dark conditions for different temperatures (300 -
350 K ) are shown in Fig. 1.
Forward I-V characteristics, dark current of a p-n junction, considering a single diode model, are given by 
[12]:
Fig.1. I-V Characteristics of module silicon solar cell at temperate 300, 325 and 350 K.
Where, A is the ideality factor, Io is the reverse saturation current, q is the charge of the electron 
(1.602x10-19 C), V is the bias voltage, K is the Boltzmann constant (1.38066 x 10-23 J/K) and T is the 
temperature in Kelvin degree,
From the figure1 we can draw the figure 2 representing as Ln(I)=f(V). The interception of the curves 
gives Io (μA) which equals to: 0.831, 2.26 and 6.14 μA, at 300 K , 325 K and 350 K respectively this is 
shown in figure 3 It is clear from the figure that the leakage current density increases with temperature TF.
The slope of the linear portion of the plot of Ln(I) vs. V gives also the factor A which equals to: 2.83, 2.24
and 2.01 at 300 K , 325 K and 350K respectively. The ideality factor A is equal to 1 if the diffusion 
current dominates and is equal to 2 when generation and recombination of the electron-hole pairs in the 
junction depletion region dominates. It is observed from figure2, that the dark current in Si-module solar 
cell increases exponentially with increasing TF. From the variation of A as mentioned previously we 
suggest that the dark current is due to the generation-recombination of charge carriers within the depletion 
region.
Fig. 2. Ln (I) as a function of applied voltage V at different temperatures.
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The figure 4 shows the factor A as function of TF, Our results show that, a small decrease in the 
ideality factor with increasing the temperatures (Fig. 3) may be caused by the increase of the saturation 
current Io which is due to the modification of the current transport tunneling mechanism in the device. The 
decreasing diode ideality factors can thus be interpreted as a relative increase of recombination of carriers 
in the bulk of the material as compared to the recombination in the space-charge region these results are in 
agreement with others [3].
Fig. 3 Variation of reverse saturation current Io as a function of temperature.
Fig. 4. Variation of ideality factor A as a function of temperature.
From the slop of the ARREHENIUS plot defined by Ln(I)=f(1/T) ) v=const we have obtained the 
variation of barrier height (eV) with applied voltage by the following equations:
Fig. 5. The variation of the barrier height as a function of applied voltage.
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The barrier height, , is about 0.322 eV in the region between 2 to 4 V. Above the threshold voltage 
Vs=3.8±0.2, the barrier height sharply decreases (Fig.5).
The barrier height is given by [9]:
It is clear from the relation (5), the barrier height, , decreasing is caused by donor density Nd
increasing or density states Ns is decreasing when applied voltage is increasing on the solar cell.
4.2 AC measurements
The impedance spectra of a silicon solar cell at TF 300 K , 325 K , and 350 K are shown in Fig. 6.
Fig. 6. Impedance spectra of Si module solar cell at TF 300, 325 and 350 K .
The representation of the impedance in the complex plane is given by:
The values of ) are plotted as a function of temperature. We have obtained arcs of a
semicircle which their centers lie below the real axis R( ), corresponding to the appearance of the 
. It is noted that, , increases with temperature, which represents the heterogeneity 
factor ( ) , it can be determined experimentally, and illustrated in (Fig. 6). The 
relaxation p=RC is called the most probable relaxation time which can be also calculated from p=1,
at the summit of the arc. This is in good agreement with the Cole-Cole diagram. It is noted that, ,
increases with TF (Fig. 7). is not zero, is due to of the presence of 
crystalline defects in the structure of the cell and/or heterogeneity in the process of deposition.
From cole cole diagrams (Fig. 6) we have obtained the values Rb and Rb+Rp from the graphic as the 
following table:
Table 1. Calculated values of Rb and Rb+Rp for different temperature
TF (K ) 300 325 350
Rb+Rp 105.2 40.23 10.33
Rb 2.88 2.82 2.61
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Fig. 7 The quality factor as a function of temperature.
We observe also, that, the arc intersection point at the left-hand side of R( ) axis gives the resistance 
corresponding to the bulk resistance Rb, (i.e. at very high frequency).. While, the arcs of semicircles, (on 
extension), intersect the right hand side of R( ) axis at resistance values corresponding to the DC values 
Rdc [R( )=Rdc as 0], (i.e. at very low frequency). The resistance Rdc is equal to the leakage /parallel 
resistance Rp as
The centers of the arcs of semicircle obtained lie below the real axis R( ), This indicates that the AC
equivalent circuit of a solar cell is a resistance connected in parallel with the capacitance, Cp, with a single 
time constant.
Table 2. Calculated values of solar cell AC for different temperature
TF (K ) 300 325 350
( ) 55.3 16 6.3
( ) 44 12.2 3.78
f (Hz) 130 520 1900
CP (nF) 27.8 25.5 22.2
p (μS) 1220 303 83.8
RP ( ) 44 12.2 3.78
The variation of capacitance with frequency for silicon solar measured under dark conditions at 1 V is 
shown in Fig. 8.
The table 2, shows that, the capacitance decreases with increase of frequency, indicating the presence 
of deep levels near junction interface [13]. The capacitance value decreases from 27.8 to 22.2 nF 
corresponding to the frequencies at summit of arcs (Fig.9) (f =130, 520 and 1900 Hz), for the irradiated
sample.
To understand the decreasing of the capacitance Cp with the frequency, f, we can write: the flux of the 
current i(t) when the charge varies with the time by the following equation:
Applying Laplace transform, we obtain the relationship:
From this equation, it can be concluded that the capacitance Cp decreases with frequency. For the 
nature or the original of this capacitance, we suggest the following explanation: the interface states in 
equilibrium in the semiconductor do not contribute to the capacitance at sufficiently high frequencies 
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because the charge at the interface states cannot follow the AC signal [12]. In this case, it is the space-
charge capacitance only. At low frequencies, the contribution of the interface states to diode capacitance 
decreases with increasing frequency
Fig. 8. Variation of capacitance with frequency at 1V for solar cell module.
Fig. 9. Variation of the imaginary part as a function of temperature.
To obtain the donor density Nd (cm-3) and the surface state density, Ns (cm-2), we obtain the activation 
energy E=0.354 eV from the slope of Fig. 10 which is the ARREHENIUS diagrams defined by 
exponentially activated with activation energy.
Fig. 10. ARREHENIUS diagrams defined by Ln(f) = f(1/T).
The donor density in the bulk is responsible for the transport mechanism, which can be calculated by 
the activation energy value E in the following relation:
190   K. Al Abdullah et al. /  Energy Procedia  19 ( 2012 )  183 – 191 
Where: No the effective density of electrons (2.7×1018 cm-3 for silicon), and a density state Ns is given 
by:
Where: o and r are, respectively, the vacuum dielectric constant and the relative dielectric constant of 
silicon, equal to 8.85×10-14 F/cm and 11.8, respectively (Table 3).
Table 3. Variation of donor density Nd and density states Ns as a function of temperature
TF (K ) 300 325 350 Average
Nd (cm-3) 3.88×1012 1.09×1013 2.65×1013 1.38×1013
Ns (cm-2) 3.93×109 6.59×109 1.03×1010 6.93×109
5. Conclusions
The I-V characteristics of solar cells at different temperatures were measured in the dark. We have 
obtained the barrier height (eV), ideal factor A, and the reverse saturation current 
On using the AC impedance measurements, achieved on the solar cell in dark conditions, for different 
TF (300 K to 350 K ), we have determined some parameters, such as: heterogeneity factor
resistance Rdc, b,
Nd (1.38×1013 cm-3), and density states Ns (6.93×109 cm-2). It was concluded that, the leakage current that 
the density increases with temperature. The decreasing of the diode ideality factors can thus be interpreted 
as a relative increase of recombination of carriers in the bulk of the material as compared to the 
recombination in the space-charge region. The barrier height, , is (0.322 eV) in the voltage range varying 
from 2 to 4 V. Then, when the threshold voltage becomes above Vs=3.8±0.2, the barrier height sharply 
decreases.
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